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C
ytoplasmic second messengers provide an internal representation of external conditions encountered by bacterial cells. Original cues are amplified into an intracellular signal capable of eliciting various biochemical and metabolic changes. Bis-(3=,5=)-cyclic dimeric GMP (c-di-GMP) (1) is a second messenger involved in the regulation of several bacterial processes, such as motility, virulence, and biofilm formation (2, 3). The cellular concentration of c-di-GMP is controlled by enzymatic domains with opposing activities: GGDEF domain proteins with diguanylate cyclase (DGC) activity and EAL or HD-GYP domain proteins, which are c-di-GMP-specific phosphodiesterases (PDEs) (4) (5) (6) . Synthesis of c-di-GMP from two GTP molecules results from the cooperative action of two GGDEF domains arranged in a 2-fold symmetric quaternary conformation such that their active (A) (half) sites face each other, and each half active site binds one GTP molecule. A second c-di-GMP binding site, termed the I site and containing an RXXD motif immediately preceding the GGDEF catalytic motif, functions in product inhibition of the DGC activity via a feedback inhibition mechanism (4, 7, 8) . Conversely, hydrolysis of the c-di-GMP phosphodiester bond is catalyzed by EAL and HD-GYP domains, yielding 5=-pGpG or GMP. Active EAL domains characterized structurally so far also form 2-fold symmetric dimers through a conserved protein interface that involves two alpha helices (␣5 and ␣6) and a regulatory loop from each monomer (loop 6; also named the ␤5-␣5 loop) (9) (10) (11) (12) .
Many proteins containing either a GGDEF or EAL domain have been identified in pathogenic and nonpathogenic bacteria, where they regulate c-di-GMP levels and biofilm formation (13) (14) (15) (16) (17) (18) (19) . Intriguingly, in several instances, these two enzymatic modules can be fused in the order GGDEF-EAL via a linker region. We refer to these as "GGDEF-EAL dual domains." Several proteins containing a dual domain have either DGC activity, PDE activity, or no enzymatic activity at all, because one or the other enzymatic module has degenerate and hence inactive catalytic motifs (16, (20) (21) (22) (23) (24) . For example, the FimX protein of Pseudomonas aeruginosa has inactive EAL and GGDEF domains and merely functions as a c-di-GMP cellular sensor (20) . However, an increasing number of proteins with dual domains with both enzymatic activities and that can conditionally switch between DGC and PDE activities have been identified, including diguanylate cyclase 1 (dgc-1) from Gluconacetobacter xylinus (21, 25) and the GGDEF-EAL proteins BphG1 from Rhodobacter sphaeroides (26) , ScrC from Vibrio parahaemolyticus (27) , MSDGC1 from Mycobacterium smegmatis (28) , Rv1354c from Mycobacterium tuberculosis (28) , and CC3396 from Caulobacter crescentus (16) . Given the genomic abundance of dual-domain proteins and the involvement of these proteins in signaling pathways of opportunistic bacterial pathogens, a better understanding of how their enzymatic activities are regulated, leading to a certain level of cellular c-di-GMP and a defined phenotype in terms of biofilm formation or dispersal, is crucial. Higher cellular c-di-GMP concentrations are associated with a sessile lifestyle and biofilm formation, while lower concentrations of the messenger correlate with motility and a planktonic lifestyle. For P. aeruginosa strain PAO1, 16 proteins containing a GGDEF-EAL dual domain have been identified (29) . Most proteins containing either a GGDEF or EAL domain, as well as dual-domain proteins, have various regulatory and sensory domains located at their N termini. These sensor domains modulate activities in response to external stimuli (5, 17, 30) , such as light or small ligands, including O 2 , NO, CO, or quorum-sensing molecules (reviewed in reference 3).
Pioneering studies were conducted on the MorA protein from P. aeruginosa (31, 32 ) and the LapD protein from Pseudomonas fluorescens (33) . MorA is a membrane-bound regulator of flagellar development and biofilm formation (31) that comprises two functional DGC and PDE enzymatic domains. A crystal structure of the GGDEF-EAL dual domain of MorA revealed a two-lobe structure maintained by canonical dimeric interactions between the EAL domains, but with no interactions between the GGDEF domains, with their A sites facing away from each other, corresponding to an inactive DGC conformation (32) . Interestingly, the linker region connecting the GGDEF domain to the EAL domain, which comprises 19 amino acids, folds into an ␣-helix that was christened H-helix, to emphasize its likelihood of functioning as a hinge region between the two enzymatic domains (32) . LapD is a c-di-GMP sensor with a modular architecture encompassing a HAMP inside-out relay module and a GGDEF domain followed by an EAL domain, with the latter two being catalytically inactive due to the presence of degenerate sequences at their respective active sites (33) . The c-di-GMP binding site lies in the EAL domain. In the absence of c-di-GMP, LapD is maintained in an off state by a helix ("signaling" helix, or S-helix) immediately N-terminal to the GGDEF domain that interacts with helix ␣6 of the EAL domain, restricting dinucleotide access to the EAL active site. c-di-GMP was proposed to release this autoinhibitory interaction and to lead to the formation of an EAL dimeric structure (33) .
To gain further insight into how the enzymatic activity of dual-domain proteins in which both modules are potentially active is regulated, we chose to study the RbdA protein (PA0861) of P. aeruginosa, a medically important multidrug-resistant pathogen. The DipA (PA5017) (34) and RbdA (35) proteins have been shown to play important roles in regulating dispersion of P. aeruginosa. The RbdA protein was demonstrated to regulate the transition from a sessile to a motile lifestyle, possibly upon detection of hypoxic conditions, by hydrolyzing c-di-GMP (35) . Moreover, the PDE activity of RbdA is allosterically stimulated when GTP binds to its GGDEF domain (35) . Here we report the crystal structure of the cytoplasmic region of RbdA (cRbdA) in its free form at a resolution of 2.28 Å. This structure reveals the presence of a signaling helix (S-helix) that maintains the protein in an autoinhibited state in a manner reminiscent of LapD (33) . We also report two binary complexes obtained by a brief soak of native crystals, namely, complexes of cRbdA with GTP/Mg 2ϩ bound to the A site of the GGDEF domain, at 2.80-Å resolution, and of the c-di-GMP substrate bound to the EAL active site, at 3.31-Å resolution. Since the two binary complexes could be obtained only via a brief soak of cRbdA native crystals, not by cocrystallization of a preformed complex, the present crystallographic analysis precluded the observation of any large conformational changes that might be induced by GTP binding. Thus, we also studied the conformation of cRbdA in solution by using small-angle X-ray scattering (SAXS) and found evidence of large structural changes of cRbdA following GTP binding. As in the MorA protein (32) , an ␣-helix between the GGDEF and EAL domains (H-helix) is likely to function as a hinge around which these two enzymatic domains can pivot. Together with pioneering work by other groups (32, 33) , the present structures enlighten the regulation of c-di-GMP metabolism by bacterial proteins containing a dual domain and provide information for the design of small molecules with the aim of modulating the activity of these proteins. They illustrate the recycling of key functional structural elements to control the activity of dual domain-containing proteins.
RESULTS AND DISCUSSION
The EAL motif of RbdA is essential for downregulating biofilm formation. Higher levels of the second messenger c-di-GMP are associated with a sessile lifestyle, while lower levels of c-di-GMP, provoked by its breakdown by PDEs, is associated with biofilm dispersion and a planktonic bacterial lifestyle. In order to assess the role of the PDE domain of RbdA in promoting biofilm dispersal, we mutated the chromosomal copy of the rbdA gene to create the amino acid mutations E585A, L586A, and L587A in the PAO1 strain of P. aeruginosa (Fig. 1A) and found a 3-fold increase in biofilm formation for the corresponding triple mutant strain (Fig. 1B and C) . The wrinkled colony morphology of the RbdA triple mutant strain is in agreement with the role of RbdA as a negative regulator of exopolysaccharide production proposed earlier (35) . This result, which is also consistent with prior phenotypic analyses of PA14 and PAO1 transposon mutants (29, 35) in which the complete rbdA gene was inactivated, suggests that c-di-GMP breakdown by the EAL domain of RbdA is directly responsible for downregulating biofilm formation. However, we cannot rule out the possibility that the triple mutant is less stable than the wild-type (WT) RbdA protein and that the observed phenotype results from loss of the entire protein, not only from the "EAL" PDE enzymatic motif. Moreover, comparison over 20 h of the growth curves of P. aeruginosa PAO1 and bacteria containing the mutated chromosomal copy did not reveal significant changes (Fig. 1D) .
Allosteric activation of PDE activity of cRbdA by addition of GMPPNP. We also examined the allosteric activation of the PDE activity of cRbdA by addition of guanosine 5=-␤-␥-imido triphosphate (GMPPNP), an isosteric analogue of GTP. We used GMPPNP instead of GTP to rule out the possibility that changes in the maximum velocity (V max ) were due to an increased concentration of c-di-GMP substrate produced by the intrinsic DGC activity of cRbdA (see below). We found that GMPPNP is not converted into c-di-GMP by the GGDEF domain of cRbdA (see Fig. S1A in the supplemental material). Using GMPPNP concentrations ranging from 5 to 500 M, we observed a gradual increase in V max of up to 10.5-fold at higher GMPPNP concentrations ( Fig. 1E; Fig. S1B ). This demonstrates that GMPPNP is an allosteric activator of the PDE activity of cRbdA (Fig. 1E) . Moreover, this allosteric enhancement of PDE activity can be attributed to GMPPNP binding to the A site in the GGDEF region of cRbdA, because no enhancement was observed when an A-site mutant of cRbdA (which can no longer bind to either GMPPNP or GTP) was used (Fig. S1C) .
Diguanylate cyclase activity of cRbdA. Using a high-pressure liquid chromatography (HPLC)-based enzymatic assay, An et al. (35) reported that incubation of RbdA with GTP alone led to the formation of pGpG, suggesting that RbdA potentially has DGC activity. However, they noticed that c-di-GMP was rapidly degraded into pGpG by the PDE activity of this dual enzyme. In the present study, in order to eliminate product breakdown by the PDE activity of the wild-type RbdA EAL domain, we first used a cRbdA mutant devoid of PDE activity (Fig. 1F, " PDE mutant") that shows DGC activity with a V max value of 22 M/min, a K m value of 0.84 M, and a k cat value of 26 min Ϫ1 . Next, to also exclude possible feedback inhibition due to c-di-GMP product binding to the I site of the GGDEF domain, we used a double mutant (Fig. 1F , "PDE ϩ I site double mutant") in which both the EAL site and the I site were inactivated, leading to a slight increase in the catalytic activity (V max value of 33 M/min, K m value of 3.3 M, and k cat value of 33 min Ϫ1 ). A mutation in the A site completely abrogated DGC activity, demonstrating that cRbdA was responsible for the observed cyclase activity (and not a contaminant DGC that could have copurified during protein overexpression). Taken together, these data show that cRbdA has intrinsic GTP-stimulated PDE activity as well as DGC activity conferred by its GGDEF domain.
The cRbdA protein forms a stable dimer. The RbdA protein contains two hydrophobic regions that anchor the protein to the P. aeruginosa inner membrane followed by a cytoplasmic region that comprises a Per-ARNT-Sim (PAS) domain followed by a GGDEF-EAL dual domain ( Fig. 2A) . Both the GGDEF and ELL catalytic amino acid motifs are present in the protein sequence, accounting for the observation that RbdA can be active as both a DGC and a PDE. The N-terminal domain of RbdA, which was omitted from the protein construct used for this study, is composed of ϳ230 residues with low sequence identity to known protein structures. Two predicted transmembrane helical segments, at residues 16 to 36 (TM1) and 204 to 225 (TM2), surround a putative periplasmic sensor domain of hitherto unknown specificity and structure. The cRbdA fragment that was crystallized comprises the complete tripartite PAS, GGDEF, and EAL cytoplasmic domains of RbdA (Fig. 2B ). The crystal asymmetric unit contains one cRbdA monomer (Fig. 2B) , and a closely packed cRbdA dimer is generated through a crystallographic dyad, giving rise to a bilobe molecule with overall dimensions of 80 Å by 88 Å by 83 Å ( Fig. 2C and E). Upon dimer formation, a total solvent-accessible surface area of 3,844 Å 2 becomes buried at the monomer-monomer interface ( Fig. 2C and D) . A breakdown of buried surface areas for each of the three domains of the tripartite protein is given in Table S1 . This large intermolecular interface is consistent with the observation that cRbdA forms stable dimers in solution at all tested concentrations, using both gel filtration chromatography and multiangle light scattering (MALS) (Fig.  S2) . A similar conclusion was reached using SAXS (see below). An assignment of the secondary structure elements of the cRbdA amino acid sequence, derived from the present crystallographic study, is displayed in Fig. 3A (PAS region), and a structurebased alignment with other bacterial GGDEF-EAL dual domains is shown in Fig. 4 .
The PAS domain (residues 232 to 360). Residues 233 to 240, which are linked to TM2 in the full-length protein, are disordered in the absence of the membrane anchoring regions that were not included in the cRbdA protein construct. The core structure of the PAS domain ( Fig. 3 ) is composed of a six-stranded antiparallel ␤-sheet (with a flexible ␤-strand at the edge of the ␤-sheet and residues 301 to 306 being disordered) augmented by short ␣-helices. This topological arrangement ( Fig. 3A and B) leads to the formation of a barrel-shaped module that houses a hydrophobic pocket in the interior of the PAS domain. A large number of aliphatic side chains, such as Leu290, Ile296, Leu308, Ile309, Ile312, Ile317, and Leu355, form a cavity that can bind small organic ligands (Fig. 3C ). An automated database search for homologous threedimensional (3D) structures returned the PAS domain from NRII, a protein involved in nitrogen regulation in Vibrio parahaemolyticus (PDB code 3B33), and PAS domains from sensor histidine kinases (PDB codes 3OLO and 5FQ1), with the highest Z-scores being Ͼ8.0. Note that these structures are devoid of heme, which is in line with the absence of a heme-coordinating histidine residue in the PAS domain sequence of RbdA (Fig. 3A) . Accordingly, reconstitution experiments failed to give strong spectroscopic evidence for heme binding by the cRbdA protein, although weak binding of heme was observed when only the PAS domain was expressed (Fig. S3) . The core region of the PAS domain (residues 255 to 360) is preceded by an ␣-helix (residues 242 to 253) ( Fig. 3A and B ) that is swapped with the symmetrically equivalent helix and inserts into the concave surface of the other PAS domain monomer (Fig. 2C) . Interestingly, this swapped helix contains an exposed hydrophobic patch made by residues Ile249, Leu251, and Ile254 that forms interactions with the symmetry-equivalent residues (via the crystallographic dyad), leading to the formation of a short coiled-coil structure that runs in a direction roughly perpendicular to the cytoplasmic membrane (Fig. 2C) . Thus, as seen for the PAS domain of Rhodobacter sphaeroides (PDB code 4L9E) (36) , the role of the RbdA PAS domain may merely be limited to promoting protein oligomerization via its N-terminal helical extension. At the C-terminal side of the PAS domain, two ␣-helical segments (residues 360 to 380) project away from the core of the PAS domain and realize the connection with the GGDEF domain, such that the distance between the C terminus of the core PAS domain (taken as Met360) and the N terminus of the GGDEF domain (Thr380) is about 31 Å (Fig. 2B) . As detailed below, this segment, which encompasses the S-helix, plays a key role in holding the bilobe structure in place by making contacts with the EAL domain of the partner molecule (Fig. 2D) (the domains from the other monomer are labeled with prime symbols [e.g., EAL=]).
The GGDEF domain and the complex with GTP/Mg 2؉ . The PDE activity of RbdA is enhanced in the presence of 50 M GTP, leading to the complete hydrolysis of c-di-GMP after 30 min of incubation at 37°C, while only a small amount of substrate is hydrolyzed by RbdA in the absence of GTP (35) . This observation is in line with our kinetic observation using the cRbdA protein in the presence of multiple concentrations
FIG 4
Structure-based amino acid sequence alignment of cRbdA and homologous domains from other GGDEF-EAL domain-containing bacterial proteins. Secondary structure elements are based on assignments for the cRbdA protein (this work). Strictly conserved residues are highlighted in red. The catalytic motifs of the DGC domain (A site or "GGDEF" motif and I site) and the PDE domain ("ELL" motif) are highlighted in yellow boxes. Key elements of the structure are indicated, including the H-helix (hinge-helix) and S-helix (present in RbdA and LapD but not in MorA; no structure is available for the dual domains of DipA, NbdA, CC3396, and Tbd1265). Accession numbers are as follows: Tbd1265, WP_011311777.1; LapD, WP_011331847.1; MorA, WP_073670889.1; FimX, WP_033999828.1; CC3396, WP_010921225.1; and NBDA, WP_048305406.1. Blue stars indicate GTP-interacting residues (GGDEF domain) and red stars c-di-GMP binding residues (EAL domain).
of GMPPNP (Fig. 1E ) and with published data (35) . To obtain a molecular basis for this effect, we determined the structure of a binary complex between cRbdA and GTP via a brief soak of native crystals in the presence of Mg 2ϩ ( Fig. 5A and B ; Table S2 ). A detailed view of the atomic interactions formed between GTP and residues from the A site of the GGDEF domain is displayed in Fig. 5B . Residue Asp455 from the GGDEF motif and Asp412 coordinate one Mg 2ϩ ion, which neutralizes negative charges from the Table S2 in the supplemental material, and contacts between the EAL domain of cRbdA and c-di-GMP are shown in Table S3. triphosphate group of GTP ( Fig. 5C and D; Fig. S4 ). The N-2 atom of the guanine makes hydrogen bonds with the carbonyl oxygen of His425 and with the amide group of the amide side chain of Asn420. Overall, the bound GTP/Mg 2ϩ closely overlaps the GTP/ Mg 2ϩ bound to the GGDEF domain of PleD (PDB code 2V0N) (8) . To detect conformational changes in the RbdA protein that might be triggered by GTP binding, we superimposed the native/Hg structure with the GTP binary complex (Fig. 5C) . Following superposition, the overall root mean square deviation (RMSD) between all main chain atoms is 0.48 Å. Compared to the native/Hg structure, the side chains of two basic residues, Lys525 (which makes a salt bridge with Asp412 in the native structure) and Arg529, are repositioned and neutralize the ␥-phosphate group of GTP. Moreover, the N-terminal region of helix ␣ 2-G (Gln415-Phe416) undergoes a significant conformational change (RMSD of Ͼ2 Å) to accommodate the triphosphate group of GTP, with the main chain of Gln415 displaced by a distance of 2.8 Å and its side chain by 6.3 Å. It is possible that such local structural disturbances triggered by GTP binding propagate throughout the RbdA dimer, leading to larger conformational changes, such as whole-domain reorientations. However, these could not be observed using X-ray crystallography, possibly due to structural constraints on protein flexibility imposed by the crystal lattice. This hypothesis is consistent with the observation that longer soaks with GTP (typically Ͼ10 min) led to crystal lattice disruption and also with SAXS data demonstrating large conformational changes upon GTP binding, as detailed below. Binding of GTP to the A site of the GGDEF domain is in line with the work of An et al. (35) , who observed that when the five signature motif residues GGDEF were mutated to alanine to generate the variant GGDEF-5A, the PDE activity of the mutant was similar to that of the WT enzyme, regardless of the presence or absence of GTP. In the present conformation of the cRbdA dimer, the two A sites (or GTP binding sites) are separated by a distance of ϳ31 Å (Fig. 2E) . In order to be active as a DGC, both GGDEF domains must adopt a specific 2-fold symmetrical orientation such that their respective half active sites are brought into close proximity (4, 7). We concluded that in the present orientation, the GGDEF domains of cRbdA do not function as a DGC but solely as GTP sensors and that GTP binding is conducive to an enhancement of PDE activity through an interaction between GTP and the A site of the GGDEF domains that triggers a range of conformational changes in the RbdA protein, both locally (Fig. 5C ) and globally (see below).
The EAL domain and the complex with the c-di-GMP substrate. Following superpositioning of the structures of cRbdA bound to c-di-GMP and cRbdA, the overall RMSD between all main chain atoms is 0.56 Å. The connection between the GGDEF and EAL domains of cRbdA is made by an ␣-helix (residues 537 to 562) spanning a distance of 37 Å that we name the H-helix, to retain the nomenclature originally proposed for the dual domain-containing protein MorA from P. aeruginosa, in which this connecting helix is also present (32) . Interestingly, a structurally equivalent helix is also located at the N-terminal end of the EAL domain of LapD, where it is named ␣ 0-E (33). Superpositioning of the GGDEF-EAL dual domains from MorA, LapD, and RbdA shows that the H-helix acts as a hinge region, allowing the GGDEF domain to adopt various orientations with respect to the EAL domain (Fig. 6A to C) . The interdomain flexibility afforded by the presence of the H-helix potentially leads to the formation of alternative EAL-EAL= and GGDEF-GGDEF= dimeric assemblies while preserving the 2-fold symmetry of the whole RbdA dimer. The EAL domain of RbdA (residues 562 to 795) is formed by a (␤/␣) 8 barrel capped by a lobe that comprises C-terminal residues 553 to 562 of the H-helix and helix ␣ 1-E , which forms part of the c-di-GMP substrate binding site. In the "closed conformation" of the cRbdA dimer captured here, the c-di-GMP binding site faces the A site from the GGDEF domain of the same monomer (Fig. 6A) . Detailed views of the interactions between c-di-GMP and active site residues of the EAL domain are presented in Fig. 6D and Fig. S5 . Even in the absence of Ca 2ϩ , which is commonly used to inhibit PDE activity, an intact c-di-GMP molecule is bound to the active site, which is in line with the observed weak intrinsic PDE activity of RbdA and with the brief soaking time used to obtain this complex. Overall, the orientation of c-di-GMP in the EAL active site is closely superimposable on that of the substrate in the isolated PDE of MorA bound to c-di-GMP (PDB code 4RNH) (32) . Catalytic residues are located at the C-terminal end of the barrel, including residues that form the metal ion binding site and the evolutionarily conserved residues from loop 6 (D 709 FCAGMSS 716 ). Although the complex was crystallized in the presence of Mg 2ϩ , no residual electron density indicative of a divalent metal is visible in the EAL active site. Systematic studies of dimerization by EAL domain-containing proteins showed that EAL domains form dimers through a conserved dimerization interface involving two ␣-helices (␣ 5-E and ␣ 6-E ) and loop 6 (Fig. 4) (2, 9-12 ). This mode of interaction is also found in the dimeric EAL proteins TBD1265 from Thiobacillus denitrificans (9), YahA (37), YkuI from Bacillus subtilis (11), RocR (12, 38, 39) , and BlrP1 from Klebsiella pneumoniae (10) , with the same structural elements involved in stabilizing the EAL-EAL interface (40) . In the present quaternary conformation of the cRbdA dimer, the PAS= and GGDEF= domains occupy the space of the EAL dimeric partner (labeled EAL=), and disruption of the interatomic contacts established between the S-helix and helix ␣ 6-E = and a large rotation of the GGDEF domain with respect to the EAL domain are required to allow the formation of a canonical and catalytically active EAL dimer. Moreover, an inward movement of loop 6 is also needed to avoid steric hindrance at the EAL-EAL canonical interface.
Conformations adopted by cRbdA in solution. As detailed above, the crystal structure of cRbdA reveals a dimer locked in an autoinhibited conformation via an extensive set of interactions established in trans between the S-helix and the ␣ 6-E dimerization helix of the EAL= domain (Fig. 2C) , which is otherwise involved in EAL-EAL= canonical dimer formation. In the closed conformation of the cRbdA dimer captured here (Fig. 6A) , the c-di-GMP binding site of the EAL domain and the A site of the GGDEF domain of the same monomer face each other, largely occluded from the solvent, thereby restricting accessibility to their substrates. The observation of an autoinhibited conformation for cRbdA suggests that alternative dimeric structures are possible in solution, including one conformation where the EAL domains of each monomer assemble as a canonical dimer stabilized by isologous (symmetry-equivalent) interactions between helices ␣ 5-E and ␣ 6-E and loop 6 (35) . In addition, we cannot rule out formation of a GGDEF dimer whereby both A sites would be brought into close proximity, leading to the activation of DGC activity, as suggested by the observation that RbdA can produce pGpG by using solely GTP as the substrate (35) . We performed SAXS measurements to identify the range of conformations that cRbdA can adopt in solution. As shown in Fig. S6 and Table S4 , cRbdA exists as a dimer in solution at all tested protein concentrations, and no aggregation is observed in the Guinier plot. The experimental radius of gyration (R g ) of cRbdA at 2.5 mg/ml is 45.4 Ϯ 1.4 Å, and the maximum particle size (D max ) is 151 Ϯ 10 Å (Fig. 7A and B) . Based on the Porod and excluded volumes and the volume of correlation, cRbdA adopts a dimeric state in solution at the concentrations used (Table S4 ). Rigid body modeling of cRbdA was performed by allowing flexibility for the regions connecting the individual domains and keeping the PAS dimer intact. The resulting molecular model is extended, has good agreement with the experimental scattering curve ( 2 ϭ 0.9) (Fig. 7F) , and fits nicely to the solution shape, with a normalized spatial distance (NSD) of 2.4 (Fig. 7D) . Next, we performed an analysis of the conformations adopted by cRbdA in the presence of various ligands ( Fig. 7A; Fig. S7 ). As shown in Fig. 7A and B, the experimental R g value (46.2 Ϯ 1.3 Å) of cRbdA remained unaffected by addition of c-di-GMP, within the error range, albeit with a different profile in the distance distribution plot (Fig. 7B) . In contrast, addition of GTP led to a significant reduction of about 7 Å, with an R g value of 38.5 Ϯ 0.8 Å and a D max value of 125 Ϯ 10 Å (Table S4 ), demonstrating that cRbdA converts to a more compact conformation in the presence of GTP. Interestingly, the presence of GTP and c-di-GMP (40.1 Ϯ 0.8 Å) or GMP and c-di-GMP (40.7 Ϯ 0.8 Å) also caused cRbdA to change to a more compact structure (Fig. 7A to C ). An analysis of the flexibility of cRbdA alone or bound to GTP, GMP, or c-di-GMP by use of a normalized Kratky plot (Fig. 7C ) demonstrated that cRbdA is intrinsically flexible, while cRbdA bound to either GTP, GTP and c-di-GMP, or GMP and c-di-GMP is less flexible. In comparison, cRbdA bound only to c-di-GMP showed more flexibility and appeared to be more extended, with a fit to the cRbdA extended conformation returning a 2 value of 2.5. Analysis of mixtures of various conformational states indicated that cRbdA in the presence of c-di-GMP contains a 25% extended conformation (R g ϭ 46.2 Å) and a 75% compact conformation (R g ϭ 38.5 Å) (Fig. 7F) , with a good agreement ( 2 ϭ 0.8) with the experimental scattering curve. Low-resolution molecular shapes for cRbdA determined ab initio from the experimental data revealed a bilobe structure (Fig. 7D) . The volume of the larger lobe can house the GGDEF-EAL dimer, while the smaller lobe is likely to correspond to the PAS domains. Remarkably, addition of GTP led to a change of the molecular shape suggestive of a reorganization of the dual domain that comprises the GGDEF-EAL dimer, while the PAS domains were shifted away from the dual domain (Fig. 7E) . Given the relatively low resolution of the shapes determined by SAXS, however, several possible dimeric arrangements of the GGDEF-EAL dual domain, such as the one revealed by the cRbdA crystal structure or one where the two EAL monomers assemble as a canonical dimer, can be fit into the large lobe, with compa- Overlapping of pair-distance distribution function P(r) of cRbdA and its ligand complexes. cRbdA complexes with GTP and cdG, GMP and cdG, and GTP have similar profiles; however, cRbdA with cdG has an extended tail. (C) Normalized Kratky plot of cRbdA (black) compared to its complexes and the compact globular lysozyme (gray), with a peak (gray dashed line) representing the theoretical peak and assuming an rable discrepancies. Likewise, whether reorientation of the two GGDEF domains into an active DGC enzyme can also occur awaits further structural studies. In this respect, we note that the length of the H-helix is compatible with extensive domain reorientations leading to drastically distinct quaternary arrangements (Fig. 6) .
Model for allosteric activation of PDE activity of RbdA. One main conclusion of solution studies conducted on cRbdA is that in the absence of ligand, the protein appears to be rather flexible but becomes more compact in the presence of GTP. Together with the observation of an apparently autoinhibited conformation in the crystal structure, these findings suggest the following model for the allosteric activation of the PDE activity of RbdA, which is consistent with available data (Fig. 8) . In the simplest scenario, two conformational states adopted by the protein are associated with low and high PDE activities. The autoinhibited state is achieved via a set of interactions established in trans between helix ␣ 6-E = and residues 361 to 365 from the S-helix, immediately N-terminal to the GGDEF domain, which locks the EAL domains in a noncanonical configuration. We also noted an evolutionarily conserved basic residue, Arg369 in RbdA (Fig. 2D and 4) , that also projects from the S-helix but toward the PAS= domain, and as a result is deeply buried in the protein interior at the dimer interface (Fig. 2D) . Arg369 makes stacking interactions with the phenyl ring of Tyr366 and the imidazole ring of His358= and one salt bridge with the carboxylic group of Glu322= of the PAS= domain (Fig. 2D) . A preliminary mutagenesis study targeting Arg369 (Table S5) suggested that an Arg369Glu mutant partly released the autoinhibitory switch, leading to a higher PDE activity.
Following GTP binding to the A site of the GGDEF domains (Fig. 5) , local conformational changes as pictured in Fig. 5C for helix ␣ 2-G would propagate throughout the protein and lead to the release of the autoinhibitory interactions between ␣ 6-E = and the S-helix, and possibly also exposure of Arg369 to the solvent, allowing the EAL domains to rearrange into a canonical dimer capable of hydrolyzing the incoming c-di-GMP substrate. An alternative but not mutually exclusive model for PDE activation involves detection of a signal by the putative periplasmic sensor domain, leading to a conformational rearrangement of the bundle of TM helices and of the S helices transmitted through the coiled-coil region N-terminal to the PAS domains. Again, the final PDEactive state is formed by the canonical EAL dimer, as displayed schematically in Fig. 8 . Earlier studies (16) of the dual domain-containing protein CC3396 demonstrated that allosteric activation of PDE via GTP was derived from a reduction of the K m for c-di-GMP from 100 M in the absence of GTP to 420 nM when GTP was present, and this large increase in affinity of the substrate is likely to derive from a better chemical complementarity afforded by structural changes induced in the c-di-GMP binding site upon canonical dimer formation. As discussed by Jenal and colleagues (16) , why would the PDE activity be coupled to cellular levels of GTP? The cellular concentration of GTP is likely to reflect the overall cellular nutrient level, as it is also correlated with the level of the alarmone (p)ppGpp upon starvation of nutriments, including amino acids or nitrogen. When the GTP abundance is low, the PDE activity of RbdA is switched off to prevent exhaustion of the GTP pool, promoting biofilm formation. Conversely, in the presence of a large amount of GTP, the PDE activity is switched on, leading to biofilm dispersal. Importantly, we cannot exclude the existence of dimeric quaternary conformations for RbdA other than the two depicted schematically in Fig. 8 , given our observation that a cRbdA double (I site and ELL) mutant can display DGC activity (Fig.  1F ). Quaternary structures with the two GGDEF domains forming a dimer with both A sites facing each other may in principle be conducive to DGC activity, although their relevance is not established for RbdA, in the sense that this protein likely evolved to use its GGDEF domain as a GTP sensor, as outlined above, rather than for c-di-GMP synthesis. If this assumption is correct, quaternary conformations with A sites facing each other should represent only a minor population in the ensemble of possible protein structures present in equilibrium in solution. One interesting possibility is that RbdA also functions as a rheostat by integrating signals both from its putative periplasmic sensor domain and from the detection of intracellular GTP levels via its GGDEF domain, leading to a contextually optimal PDE activity. In this respect, we note an interesting overall mechanistic similarity between RbdA and the dimeric LapD sensor, which has a periplasmic output domain capable of binding a ligand (the LapG cysteine protease) and a cytoplasmic PDE domain able to sense c-di-GMP (33). For both RbdA and LapD, the autoinhibitory switch is made of an "S-helix" that locks the protein in a resting state via its interaction with the EAL domain, restricting accessibility to the EAL active site and preventing active dimer formation.
A large number of dual domain signaling systems fused to various sensor domains have now been identified (41) (42) (43) (44) . RbdA represents a useful model for studying how signals become integrated in the context of one protein with potential dual enzymatic activity. An important conclusion of the present work is that the apparent conservation of several regulatory structural elements, such as signaling (or S-helix) and lever (or H-helix) elements, across various bacterial proteins (Fig. 4 and 5) suggests that similar molecular mechanisms are at play in controlling c-di-GMP metabolism by GGDEF-EAL domain-containing dual proteins. Given the abundance of dual protein genes in the genomes of several major human pathogens, this observation offers attractive perspectives for better understanding the role of c-di-GMP in controlling biofilm formation and also for the design of molecules to interfere with this process.
c-di-GMP at 100 M, and reactions were performed in duplicate. The hydrolysis of c-di-GMP was quenched by adding 0.1 M CaCl 2 (to inhibit the EAL domain activity), and the amount of pGpG formed was resolved in a 4.6-mm by 250-mm by 5-m C 18 column (Agilent) in 20 mM triethylammonium bicarbonate, 9% (vol/vol) methanol, mounted on a Prominence HPLC (Shimadzu) and analyzed using Prism software (GraphPad, San Diego, CA).
DGC activity measurement. We employed an HPLC-based assay analogous to that outlined above to analyze c-di-GMP formation by cRbdA. In order to eliminate potential feedback inhibition by c-di-GMP binding to the I site of the enzyme and also to prevent hydrolysis of c-di-GMP by the PDE activity of cRbdA, we used a cRbdA double mutant having both 585-ELL-587 ¡ ALL and 444-REGD-447 ¡ AEGD mutations to measure DGC activity. The A-site mutant of cRbdA (453-GGDEF-457 ¡ GGAAF) was used as a negative control, and all reactions were done in triplicate.
Crystallization of cRbdA and crystallographic data collection. The homogeneity and oligomeric state of cRbdA were assessed by multiangle light scattering in combination with size exclusion chromatography (SEC-MALS; Wyatt Technology) (Fig. S2) . Crystallization conditions were screened by sittingdrop vapor diffusion in 96-well plates, using a mosquito LCP liquid handler (TTP Labtech). Rhombohedral crystals of the cRbdA proteins were obtained at 20°C by using 1 l of protein at a concentration of 8 mg/ml and 1 l of reservoir solution containing 0.1 M morpholineethanesulfonic acid (MES)-imidazole at pH 6.5 (obtained by mixing 30.6 ml of 1 M MES at pH 2.7 with 19.4 ml of 1 M imidazole at pH 9.9, as implemented in Morpheus "buffer system 1" [Molecular Dimensions]), 0.1 M carboxylic acid, 10% (wt/vol) polyethylene glycol 4000 (PEG 4000), and 20% (vol/vol) glycerol. Initial data sets to about 2.8-to 3.0-Å resolution could be collected with native crystals. Following a 5-min soak in reservoir solution containing 1 mM HgCl 2 , diffraction data were extended to 2.28-Å resolution ( Table 1 ). The cRbdA-GTP and cRbdA-ci-di-GMP binary complexes were obtained by transferring native cRbdA crystals to a freshly prepared reservoir solution, supplemented with either 1 mM GTP and 2 mM MgCl 2 or 1 mM c-di-GMP and 2 mM MgCl 2 , and soaking them for 4 to 5 min (Table 1) . Longer soaking led to a severe deterioration of the diffraction quality of the crystals and to crystal breakage. Data were collected at the Australian Synchrotron (beamlines MXI and MXII; Clayton, Melbourne, Australia) and the Swiss Light Source (SLS) (beamline PXIII; Paul Scherrer Institute, Switzerland). Diffraction intensities were integrated with XDS (45) and scaled using SCALA (46) from the CCP4 suite (47) . Data collection statistics are summarized in Table 1 .
Structure determination. The asymmetric unit of the crystal comprises a single cRbdA monomer. The structure was determined using molecular replacement as implemented in the CCP4 package (47), leading to a partial model comprising only the GGDEF and EAL domains. Clear residual electron density was observed for large parts of the PAS domain as well as for segments linking the PAS domain to the GGDEF domain and the GGDEF domain to the EAL domain. The program BUCANEER (48) was then used to extend this partial model. Several rounds of manual model building were then performed using the program COOT (49) , interspersed with refinement with the program BUSTER (50) , leading to a model comprising residues 241 to 300 and 309 to 797 of the protein (Table 2 ). An anomalous Fourier map calculated with phases from the partial model revealed a major Hg site bound to Cys521 of the GGDEF domain (at a level of 6.85 ) and two minor Hg sites, bound to Cys436 and Cys423, giving further confidence in the correctness of the structure determination. Interface areas and solvation energies were calculated by the protein interface, surface, and assembly service PISA (51) . Figures were generated with the program PyMOL (Schrodinger Scientific). Structure-based alignment of cRbdA against homologs was generated with ESPript (52) . Interface areas buried during dimer formation are listed in Table S1 .
Small-angle X-ray scattering. X-ray scattering data from wild-type cRbdA and its complexes with GTP, GMP, and c-di-GMP were collected on a Bruker Nanostar SAXS instrument equipped with a Metal-Jet X-ray source (Excillum, Germany) and a Våntec 2000 detector system. The scattering patterns were measured using a sample detector distance of 0.67 m and a wavelength () of 1.3414 Å, covering the range of momentum transfer of 0.016 Ͻ q Ͻ 0.4 Å Ϫ1 [q ϭ 4 sin()/, where 2 is the scattering angle]. To monitor for radiation damage, six 5-min exposures were collected for each protein sample, and no radiation effect was observed. cRbdA was measured at concentrations of 1.6, 2.5, and 3.6 mg/ml, while the ligand complexes were measured at 2.5 mg/ml. The data were normalized to the intensity of the transmitted beam, and the scattering of the buffer was subtracted. The difference curves were scaled for concentration, and the data processing steps were performed using the program package PRIMUS from the ATSAS package, version 2.7.1 (53) . The forward scattering value I(0) and the radius of gyration (R g ) were computed using the Guinier approximation. The pair distribution functions were calculated by GNOM (54) and also provided the maximum particle size (D max ), and the low-resolution shape of wild-type cRbdA was determined ab initio by use of DAMMIF (55). Qualitative particle motion was inferred by plotting the scattering patterns in the normalized Kratky plot [(qR g ) 2 (I(q)/I(0)) versus qR g ] (56). The theoretical scattering curves from atomic structures were generated and evaluated against experimental scattering curves by use of CRYSOL (57) . Utilizing the intensities from each component, the volume fraction of each component could be determined by use of OLIGOMER (49) . Rigid body modeling was performed using CORAL (58) , by docking the individual domains of the high-resolution structures against the experimental data. The oligomeric state of the protein was confirmed from the molecular mass calculation, based on I(0), Porod volume (V p ), excluded volume (V ex ), and volume of correlation (V c ) (59) . Accession number(s). The structures from this study have been deposited in the Protein Data Bank under accession numbers 5XGB, 5XGD, and 5XGE.
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